To investigate the effect of ageing on contour integration in subjects whose ages ranged from 20 to 99 years. METHODS. Detection thresholds were measured for a closed chain of Gabor patches oriented tangentially to a circle (target) embedded in a background of randomly positioned and oriented Gabors (noise). Detection thresholds were measured for different distances of elements composing the target. RESULTS. Sensitivity decreases gradually with age at all interelement distances. Sensitivity decreases with increasing interelement distance, in both young and elderly subjects. The decrease of integration capability with age is not related to a decrease in contrast sensitivity. CONCLUSIONS. Overall, the data provide evidence of a deterioration of cortical functionality with age, in agreement with other studies on texture and motion processing. (Invest Ophthalmol Vis Sci. 2007;48:2940 -2946) DOI:10.1167/iovs.06-0729 V isual abilities decline during normal (nonpathologic) ageing, but our understanding of the nature and causes of visual changes in the elderly is still limited. Damages to optical properties of the eyes (e.g., presbyopia, senile miosis) are the most common cause of visual deficits in the old population, producing deterioration of low-level visual functions, such as visual acuity and contrast sensitivity.
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PURPOSE.
To investigate the effect of ageing on contour integration in subjects whose ages ranged from 20 to 99 years. METHODS. Detection thresholds were measured for a closed chain of Gabor patches oriented tangentially to a circle (target) embedded in a background of randomly positioned and oriented Gabors (noise). Detection thresholds were measured for different distances of elements composing the target. RESULTS. Sensitivity decreases gradually with age at all interelement distances. Sensitivity decreases with increasing interelement distance, in both young and elderly subjects. The decrease of integration capability with age is not related to a decrease in contrast sensitivity. CONCLUSIONS. Overall, the data provide evidence of a deterioration of cortical functionality with age, in agreement with other studies on texture and motion processing. V isual abilities decline during normal (nonpathologic) ageing, but our understanding of the nature and causes of visual changes in the elderly is still limited. Damages to optical properties of the eyes (e.g., presbyopia, senile miosis) are the most common cause of visual deficits in the old population, producing deterioration of low-level visual functions, such as visual acuity and contrast sensitivity. [1] [2] [3] However, visual acuity reduction is not exclusively due to changes in the eye's optical properties. 4 -7 Ageing produces loss of photoreceptor, bipolar, or ganglion cells and changes in their connections that could account for visual acuity losses. 8, 9 The decrease in contrast sensitivity observed with ageing (for frequencies higher than 2 cyc/deg), 10 is also due to a natural deterioration of optical properties, 11, 12 as well as to retinal or central visual damage Zuckermann JL et al. IOVS 1973;12:ARVO Abstract 213) 4, [13] [14] [15] [16] Porciatti et al. 17 found small differences in PERG, whereas VEP amplitudes and phases of old subjects were lower than those of young subjects, suggesting that visual impairment in the elderly occurs primarily in V1. More in general, ageing affects PERG and VEPs at low temporal frequencies, producing lower amplitudes and increased latency, particularly at high spatial frequencies. [17] [18] [19] [20] [21] Despite the well-documented anatomic and physiological age-related changes in the primary visual pathway, the extent to which they contribute to specific nonpathologic deficits in low-level visual function remains unresolved. 22 If our understanding of age-related changes in low-level processes is limited, it is also true that not much is known about the effects of ageing on the way neurons elaborate and integrate complex information from the external environment and about the relationship between behavior and diminished neural functions. There are several studies indicating a decreased activity in the ageing brain related to high-level cognitive tasks. Measurements of cerebral blood flow (rCBF) by standard positron emission tomography (PET) reveal differences in activation between young and old subjects in object-recognition tasks, 23, 24 face recognition, 25 and stimulus encoding. 26 In some recent studies, investigators have begun to examine also the consequences of ageing on visual perception, finding some abilities to be particularly affected by ageing whereas others are relatively spared. Snowden and Kavanagh 27 have explored several aspects of motion perception and found a variety of deficits not accompanied by a significant loss in contrast sensitivity. These deficits were ascribed to a deterioration of the brain areas responsible for global motion perception, such as the medial temporal area. 28 -30 O'Brien et al. 31 also found a diminished sensitivity to optic flow motion in healthy elderly subjects. Changes due to ageing do not necessarily bring about a deterioration of visual function. Some investigators have found that motion perception of large, highcontrast stimuli is even better in old subjects than in young adults. 32 This effect was attributed to age-related reductions in GABA-mediated inhibition 33 that, while having a detrimental effect on a broad range of cognitive, perceptual, and behavioral functions, could weaken center-surround antagonism and increase performance in motion perception. 34 Some studies report particularly low performance of the elderly in midlevel tasks, such as bilateral symmetry detection, 35 and in tasks requiring high-level or second-order processing, such as second-order motion and texture, 36 in comparison with tasks requiring first-order processing. These results led the authors to formulate the hypothesis that deficits in perceptual processing due to ageing become evident when the computational load of the task reaches a certain level of complexity, requiring larger or more complex networks that are not available in the ageing brain. 37 Contour integration is a complex ability, widely investigated in multiple-choice detection tasks, in which a chain of Gabor patches (GPs)-sinusoidal luminance signals within a Gaussian envelope-must be segregated from a noisy background. 38 -40 In these stimuli, there is no global cue-orientation, color, or texture-for the segregation of the chain. The global patterns seem to emerge from interactions between local mechanisms, influenced by variables such as relative orientation of nearby cues, relative distance, and colinearity. 38, [41] [42] [43] In particular, the critical distance between GPs that allows integration to occur for a given stimulus is a crucial parameter and may be related to connections between simple cortical units. 41, 44 In fact, several lines of anatomic, [45] [46] [47] physiological, 48, 49 and imaging 50 evidence suggest that horizontal connections can link cells with nonoverlapping receptive fields, with similar orientation preferences, as early as in V1.
This contour segregation ability, which is part of a more general task of figure-ground segmentation, 39 is a secondorder task, involving integration of locally oriented elements in a global percept. This task would require larger networks that, according to some investigators, 37 could generate age-related deficits. A multiple-stage analysis could also explain why this ability undergoes protracted development during child-hood. 51, 52 It is therefore interesting to study contour integration during ageing to verify whether the complexity of the task affects visual performance in the elderly.
The knowledge of natural evolution of contour integration during ageing is also useful to discriminate the normal trend in the ageing brain from a deterioration of this ability observed in some degenerative diseases. 53 In this study, we measured how visual integration ability changes with age, by measuring detection thresholds of a closed chain of GPs, oriented tangentially to a circle (target), embedded in a dense field of Gabors oriented randomly (noise), at different ages. We also tested whether in older people there is the same dependency on interelement distance in the target observed in younger subjects.
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METHODS
Apparatus and Stimuli
Sensitivity for integration of local elements into a global pattern was measured by the ability of subjects to detect a circle (target) embedded in noise, where both the circle and noise elements were GPs 38,39 ( Fig. 1 ). All GPs in the circle were oriented perpendicularly to its radius, whereas orientation of noise elements was randomly distributed. Noise elements were randomly placed within the display area, provided that they were never superimposed. Spatial frequency of GPs was 1.5 cyc/deg, each GP subtended 1°, and the target had a radius equal to 4.9°of the visual angle. Thresholds were measured for different distances between the GPs comprising the target: 4.9°, 3.8°, 2.9°, and 2.1°o f visual angle, obtained by varying their number ( Fig. 1 ). Stimuli were presented on a 60-Hz frame-rate liquid crystal display (LCD) driven by a laptop computer. The distance of the subjects from the screen was 57 cm. The whole stimulus had a mean luminance of 20 cd/m 2 , subtended 24°ϫ 24°of visual angle, and was displayed for 1 second. All measurements were performed in a darkened room.
Procedure
The presentation of the stimuli was always preceded by a sound to catch the subjects' attention. The target could be positioned randomly in one of four quadrants of the computer screen ( Fig. 1) , and the subject's task was to locate the circle with a four-alternative, forcedchoice procedure. Responses were reported verbally by the subjects and recorded manually by the experimenter. The subjects had no time limit for response, and no verbal or sound feedback was given.
For each separation between GPs comprising the target, the integration ability was quantified by measuring detection thresholds for the circular target, varying the number of noise GPs. Target-detection thresholds were defined by the number of noise GPs yielding 75% correct detection.
To minimize tiredness and boredom, data on elderly subjects were obtained in four sessions on different days, each of them measuring all conditions. Data on younger subjects were obtained in four sessions on the same day. We checked that the different data-taking procedures do FIGURE 1. Examples of stimuli. Targets composed of (A) 6 GPs (interelement distance, 4.9°), (B) 8 GPs (interelement distance, 3.8°), (C) 10 GPs (interelement distance, 2.9°), and (D) 14 GPs (interelement distance, 2.1°).
not affect the results, by repeating some measurements on young subjects with the same method used on elderly subjects. The measurements obtained in these two manners were compatible at the 95% confidence level. Data for each condition were collected in five blocks of 30 trials. In each block, the number of noise Gabors was varied along different trials according to a staircase QUEST procedure. 54 For every tested condition and for each subject, a cumulative maximum-likelihood fit was performed off-line with all data obtained in all sessions, by using a Weibull psychometric function. 55 Thresholds were defined as the point of the fitting curve where probability of correct response equals 0.75. We plotted sensitivities rather than thresholds, to represent and compare performances. Sensitivity is defined as (SϩN)/S where S is the number of target GPs, and N is the number of noise GPs at threshold.
Contrast sensitivities were measured with a portable test chart system (VCTS 6000; Vistech Consultants, Dayton, OH). For all subjects, young and old, environmental luminance level was kept constant around 115 cd/m 2 , and test charts were positioned 46 cm away from subjects by using an apposite chart-holder. Contrast sensitivity curves were obtained for spatial frequencies of 1.5, 3, 6, 12, and 18 cyc/deg. Each measurement is the average of three different trials.
Dependence of sensitivity on age was estimated fitting data with a straight line. Statistical significance of angular coefficients obtained from fit was tested with normal distribution tests (Table 1) , used also to test differences between them. Dependence of average performance on integration distance and group was tested with two-way ANOVA (with Bonferroni correction). Post hoc Student's t-tests were used to compare performances of old and young subjects ( Table 1) . Dependence of contrast sensitivity on age was also estimated fitting data at a particular frequency with a straight line.
Subjects
The young sample was composed of 11 observers (mean age, 25 Ϯ 1 years; range, 24 -27) , and the elderly sample comprised 21 observers (mean age, 65 Ϯ 8 years, range, 51-83). We also tested one observer who was 99 years old, well outside the range (subject GB). Younger subjects were middle-class Italian university students, and the older subjects were selected among their relatives (i.e., grandparents, uncles) in good general health, and living in the same area. All subjects had normal or corrected-to-normal vision with their glasses or contact lenses. Old subjects did not have eye defects (such as cataract and glaucoma) or neurologic deficits such as Alzheimer disease or other forms of dementia associated with age. Both experimental groups had similar socioeconomic status and educational background. The measurement of contrast sensitivity was performed in a later session (2 weeks later) in which 6 young and 15 old subjects from the initial group were available.
This research adhered to the tenets of the Declaration of Helsinki, and informed consent was obtained from all subjects after explanation of the nature and possible consequences of the study. Figure 2 shows sensitivity for detection of the circular target as a function of age for different interelement distances, indicated by the cartoons in each panel. Subjects' performance decreased with age for every distance of GPs (see Table 1 for fit parameters). In other words, old subjects, to locate the target correctly, needed less background noise than did younger subjects, which could indicate that the ageing visual system becomes more sensitive to background and progressively diminishes its capacity to integrate separated elements. Note that, in all conditions, on average, spatial integration sensitivity diminished at about a factor 2 between 25 and 80 years. Data obtained from our older subject suggest that over 90 years this loss in sensitivity is even more marked.
RESULTS
Age-Related Effects
From inspection of Figure 2 , one could deduce that age dependency is due only to the performance of the oldest subject (GB, 99 years). To exclude this possibility, we also fitted the data excluding the oldest subject from the sample and compared the results obtained with and without subject GB. Angular coefficients obtained excluding GB from the analysis were not significantly different from those obtained when using all data (P ϭ 0.37 for 4.9°; P ϭ 0.41 for 3.7°; P ϭ 0.42 for 2.9°, and P ϭ 0.49 for 2.1°). This demonstrates that the decline in sensitivity was not due solely to the performance of our oldest subject but reflected a characteristic of the whole sample.
Effects of Interelement Distance
Values of angular coefficients of best-fit curves in Figure 2 , reported in Table 1 , indicate that sensitivity decreased with age at different rates at different interelement distances. The rate of decline with age was more marked for short interelement distances, becoming constant over 3°(P Ͻ 0.05). Figure 3 shows the average sensitivities of young and old subjects as a function of separation of GPs in the target (see also Table 2 ). Sensitivities of the 99-year-old subject (GB) are plotted apart, in that he was much older than the others (more than 3 SD). Straight lines represent best linear fits of data and highlight the trend of performance. In both samples, sensitivity to spatial integration increased with the proximity of Gabors comprising the target (F ϭ 18.9; P Ͻ 0.000001). This result means that detection of all subjects improved when the elements were closer. ANOVA shows also that there is a significant difference between the two age groups, GB excluded, at all distances (F ϭ 6.1; P Ͻ 0.000001). The performance of subject GB exhibits the same general trend as the rest of the old population. In other words, he benefitted in the same way from the proximity of GPs in the target. However, his sensitivity was much lower than that of the others, being well below the 99% lower confidence limit of the older sample (Student's t-test).
Relationships between Contrast Sensitivity and Integration Sensitivity
What is the origin of the decline of contour integration with age observed so far? Since all our subjects had normal or corrected-to-normal vision and did not have eye diseases or neurologic deficits, the observed deficit could be ascribed to contrast sensitivity losses, often present during ageing. 10 We therefore measured contrast sensitivity in a subsample of our subjects (young and old) and found a distribution compatible with that in the normal population between 20 and 70 years, as shown in Figure 4A (confidence limits band provided by manufacturers of the VCTS 6000; Vistech). Sensitivities of elderly The amount of decline is represented by angular coefficients (␣) of the best-fit curves shown in Figure 2 and relative standard deviations (). P denotes the probability of the null hypothesis (Gaussian probability distribution test). subjects, however, were on average systematically lower than those of young observers at all spatial frequencies, indicating impairment with respect to the younger population. This is more evident in Figure 4B , which shows how contrast sensitivity varied with age for a particular value of spatial frequency chosen from those presented in Figure 4A (3 cyc/deg). There is a steady decrease of sensitivity with age (P Ͻ 0.00001) in agreement with Owsley et al. 10 Contrast sensitivity results, although the presence of major deficits were excluded, demonstrate a general impairment with age that could be the cause of the observed decline of contour integration. Alternatively, ageing could impair independently the two sensitivities. To ascertain which possibility is supported by our data, we compared in the same subject contrast sensitivity, measured at 3 cyc/deg (Fig. 4B) , and integration sensitivity, measured at 2.9° (Fig. 2C) . The comparison between these two values seemed reasonable, because they corresponded to similar distances. To remove the effect of age dependence and reveal the possible direct correlations between contrast and integration sensitivity, we evaluated the residual of each data point from the best-fit curve. We then plotted in Figure 5 the contrast sensitivity residual versus the integration sensitivity residual and correlated these values. The best-fit curve, in fact, represents in both cases the dependence of sensitivity on age; thus, subtracting from the observed value the best-fit value is equivalent to eliminate age dependency from sensitivities. We found no correlation between integration sensitivity residuals CI and contrast sensitivity residuals CS (Pearson's r 2 ϭ 0.0147651; P ϭ 0.13). A fit to a linear model CI ϭ ␣ CS returns ␣ ϭ Ϫ0.015 Ϯ 0.013. Conversely, if the decline of contrast sensitivity with age were responsible for the limited performance in the contour detection task, one would expect ␣ ϭ 0.13 /1.6 ϭ 0.08. The latter is excluded at 7-level from our data.
FIGURE 2.
Individual integration sensitivities, plotted as a function of age, for different interelement distances, shown by cartoons (insets). Sensitivities of young (E) and old (OE) subjects and subject GB (f) are plotted together with their best-fit curves (see also Table 1 ). 
DISCUSSION
In the present study contour integration ability deteriorated during ageing. In fact, sensitivity for detection of a target composed of local elements, embedded in a noise field, decreased linearly with age, independent of the distance between local elements. One could argue whether the observed handicap in old people is purely perceptual or is caused by high-level cognitive ageing factors, such as less efficient search strategies, or by nonvisual factors, such as reduced motivation in completing a difficult task. Our data cannot rule out these possibilities, but the adopted procedure-limited presentation time, guessing factor of 25%-limits the influence of visual search in completing the task. The repetition of the same measurement-one for each distance-on five different days was a control for motivation. In both age groups, contour integration deteriorated, as distance between local elements comprising the target increased, in agreement with previous studies in which improved performance was found with colinearity and proximity. 38, [41] [42] [43] However, the performance at short distances seemed to be more affected by age (Table 1) .
Recently, some investigators devised a hypothesis to explain why some perceptual abilities are more affected by ageing than others. [35] [36] [37] 56 They suggest the magnitude of the observed age-related changes depends on stimulus complexity (given by the computational load or by the complexity of the underlying neural network). Our data are consistent only in part with this hypothesis: contour integration ability, which is a second-order complex task, is diminished with age, but age-related changes are more pronounced at shorter distances, when the task appears to be easier. These counter-intuitive results could be explained with different integration mechanisms, for large and small contour spacing, that evolve separately during life 51 and are affected differently by ageing. Elderly subjects who participated in our experiments were healthy, active, and independent, with contrast sensitivity within the norm of their age-therefore, without significant low-level deficits-nevertheless, we found a natural decline in contrast sensitivity with age. In the current study we demonstrate that there was no correlation between contrast sensitivity and integration sensitivity, when corrected for age dependency. Therefore, the observed impairment with ageing in contour integration cannot be due to ageing of the neural circuits that underlie contrast sensitivity, the precise localization of which remain unknown, occurring at any level between the retina and the visual cortex. 4, 15 The exact localization of the circuits responsible for spatial integration of colinear elements over a certain distance is also still largely unknown. Many studies have demonstrated that long-range connections in the striate cortex, localized in the plexus of intrinsic horizontal connections of V1, 46, [57] [58] [59] [60] connect cells with similar orientation preference. 61 These connections could be altered in elderly individuals and, in principle, could be responsible for the observed deficit. These connections are not solely responsible for the contour-detection task, which may be modulated by feedback top-down connections originating in the extrastriate cortex. In particular, for global processing, functional neuroimaging studies have located the source of such a modulatory activity in the right temporoparietal junction. 62 Other neurophysiological findings provide evidence of the existence of facilitatory top-down effects that could amplify and focus the activity of neurons in lower-order areas and thus facilitate figure-ground segmentation and improve the visibility of features and contribute to the "pop-out" phenomenon. 63 Studies of the development of the visual system 64 suggest also a role of feedback connections from V2 to V1 in contour integration. 51 Although the lateral and feedback connections of V1 are essential in completing a contour-detection task, cortical areas concerned with form vision, such as V4, 65 probably also participate in this process. Given the complexity of circuits and areas involved in the contour-detection task, the anatomic substrates of modifications induced by ageing have yet to be identified.
Regarding the nature of modifications of these circuits, several studies have found in the ageing brain changes in neuronal discharges, neurotransmitter release, and response to neurotransmitters. 33,66 -71 In the visual system, ageing produces the loss of retinal cells 8, 9 ; selective damage to the parvocellular pathway, perhaps related to changes in spatial contrast sensitivity 72, 73 ; abnormal dendritic growth; dendritic regression; and reduction of the spinal density of striate cortex cells. 74 -76 Recent work provides evidence that both the orientation and direction selectivities of extrastriate V2 cells in old monkeys degrade significantly while spontaneous activity increases. 77 These modifications could underlie the decline in higher-order visual functions, such as contour integration, occurring during ageing. However, there is no direct evidence that similar modifications occur in the striate and extrastriate cortex of humans, and our understanding of the effects of ageing on the neuronal circuitry attributed to contour integration remains rudimentary.
